vav1 has been shown to play a key role in lymphocyte development and activation, but its potential importance in macrophage activation has received little attention. We have previously reported that exposure of macrophages to bacterial lipopolysaccharide (LPS) leads to increased activity of hck and other src-related tyrosine kinases and to the prompt phosphorylation of vav1 on tyrosine. In this study, we tested the role of vav1 in macrophage responses to LPS, focusing on the upregulation of nuclear factor for interleukin-6 expression (NF-IL-6) activity and inducible nitric oxide synthase (iNOS) protein accumulation in RAW-TT10 murine macrophages. We established a series of stable cell lines expressing three mutant forms of vav1 in a tetracycline-regulatable fashion: (i) a form producing a truncated protein, vavC; (ii) a form containing a point mutation in the regulatory tyrosine residue, vavYF174; and (iii) a form with an in-frame deletion of 6 amino acids required for the guanidine nucleotide exchange factor (GEF) activity of vav1 for rac family GTPases, vavGEFmt. Expression of the truncated mutant (but not the other two mutants) has been reported to interfere with T-cell activation. In contrast, we now demonstrate that expression of any of the three mutant forms of vav1 in RAW-TT10 cells consistently inhibited LPS-mediated increases in iNOS protein accumulation and NF-IL-6 activity. These data provide direct evidence for a role for vav1 in LPS-mediated macrophage activation and iNOS production and suggest that vav1 functions in part via activation of NF-IL-6. Furthermore, these findings indicate that the GEF activity of vav1 is required for its ability to mediate macrophage activation by LPS.
vav1, first identified as a proto-oncogene expressed in hematopoietic cells (34) , encodes a 95-kDa protein containing structural motifs common to several different classes of signaling proteins (15) . vav1 contains a src homology 2 (SH2) domain, two SH3 domains, a pleckstrin homology domain (39) , a cysteine-rich domain similar to the zinc fingers of c-Raf and atypical members of the protein kinase C family (16) , and a dbl homology domain found in proteins which serve as guanine exchange factors (GEFs) for small GTPases (2, 17) . vav1 was initially reported to exhibit GEF activity for ras, but subsequent studies revealed that vav1 instead serves as a GEF for rac1 and possibly also for other rho family GTPases (1, 11, 14, 30, 31) . The GEF activity of vav1 is required for many (15) but not all (35) of the functions of this protein in lymphocytes.
vav1 must be phosphorylated on tyrosine 174 in order to function as a GEF for rac1 (17) , and the structural basis for this effect (relief of autoinhibition of the dbl homology domain of vav1) has recently been elucidated (4) . vav1 becomes rapidly tyrosine phosphorylated in response to a variety of stimuli in hematopoietic cells, including stimulation of the T-cell receptor (13, 37) , the B-cell immunoglobulin M (IgM) antigen receptor (12) , and the mast cell IgE high-affinity FcεRI (37) . vav1 is also phosphorylated on tyrosine residues upon stimulation of hematopoietic cells with interleukin-2 (IL-2) (22) , , alpha interferon (IFN-␣) (42) , IFN-␥ (21), and lipopolysaccharide (LPS) (21, 24) .
vav1 has been shown to play a critical role in the development and activation of T and B lymphocytes (23, 50, 57, 58) , but relatively little attention has focused on a potential role(s) for vav1 in macrophage activation. Our investigators (21) and others (24) have previously reported that vav1 undergoes rapid tyrosine phosphorylation in response to macrophage activation by LPS. In addition, our group observed that vav1 was physically associated with the src-related tyrosine kinase hck (21) in macrophages, that both broadly active and src family selective tyrosine kinase inhibitors blocked LPS-stimulated hck activation and vav1 tyrosine phosphorylation at concentrations that also inhibited macrophage production of tumor necrosis factor (TNF) and inducible nitric oxide synthase (iNOS) (41) , and that antisense oligonucleotides specific for murine hck blocked the LPS-mediated tyrosine phosphorylation of vav1 (21) . Recently, our investigators have also provided evidence that vav1 plays an important role in macrophage responses to bacterial DNA (CpG DNA) (48) .
In the present study, we directly examined the role of vav1 in macrophage activation by establishing stable subclones of RAW-TT10 murine macrophages which expressed one of three mutant forms of vav1 in a tetracycline-regulatable fashion. We report that expression of all three mutant forms of vav1 (a form producing a truncated protein, vavC; a point mutant, vav YF174 ; and a form with a deletion in the GEF domain, vavGEFmt) consistently inhibited the accumulation of iNOS protein in response to challenge with LPS (in the presence of low concentrations of recombinant IFN-␥ [rIFN-␥]). Furthermore, the tetracycline-regulatable expression of all three dominant interfering forms of vav1 blocked LPS-mediated increases in the activity of the transcription factor nuclear factor for IL-6 expression (NF-IL-6), previously implicated in the regulation of iNOS gene expression. Taken together, these data provide the first direct evidence for a role for vav1 in the mediation of macrophage activation and iNOS production in response to LPS and indicate that the effects of vav1 are due at least in part to upregulation of NF-IL-6 activity.
MATERIALS AND METHODS
Reagents. Dulbecco's modified Eagle's medium was obtained from Mediatech Inc. (Herndon, Va.). L-Glutamine, penicillin, and streptomycin were purchased from GIBCO (Grand Island, N.Y.). Fetal bovine serum containing less than 0.06 endotoxin units/ml by Limulus amebocyte assay was obtained from HyClone Laboratories (Logan, Utah). LPS purified from Escherichia coli strain O111:B4 and rIFN-␥ were purchased from Sigma (St. Louis, Mo.). Zeocin and tetracycline were obtained from Invitrogen (Carlsbad, Calif.). vav1 constructs. We obtained constructs encoding (i) a truncated, c-myc epitope-tagged form of vav1, comprising amino acids 538 to 845, including the C-terminal SH2 and SH3 domains; (ii) a YF point mutant at position 174; and (iii) a mutant containing an in-frame deletion of 6 amino acids in the GEF domain, all as generous gifts from A. Weiss (University of California, San Francisco) (Fig. 1) . The vav1 constructs were subcloned into the expression vector pTet/Zeo, a tetracycline operator (tetO) expression plasmid which also encodes resistance to the antibiotic Zeocin (gift of D. Underhill, University of Washington).
Creation of stably transfected cell lines. RAW-TT10 cells were transfected as described by Underhill et al. (52) . The subcloned expression vectors were introduced by electroporation into RAW-TT10 cells (gift of D. Underhill and A. Aderem, University of Washington), which are RAW 264.7 murine macrophages (American Type Culture Collection, Rockville, Md.) that have been engineered to express the tetracycline-controlled transactivator (tTA) (8, 28, 29, 46, 47) from a tetracycline-regulated promoter (53) . In this tetracycline-regulatable, Tet-Off system, the promoter is quiescent in the presence of low doses of tetracycline (53) ; in the absence of tetracycline, there is a more than 100-fold increase in expression of genes directed by the tetracycline operator (tetO)-promoter sequence (53, 54) . Cells with the appropriate pTet/Zeo vector stably integrated were selected for in the presence of Zeocin (1 mg/ml for 1 week, then 500 g/ml). All stable cell lines were stored in liquid nitrogen. Cells were cultured for less than 3 weeks prior to the experimental conditions. Cells and cell culture. Routine medium for RAW 264.7 and RAW-TT10 cells consisted of Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 U of penicillin G/ml, and 50 g of streptomycin/ml. RAW-TT10/vavC, RAW-TT10/vavYF174, and RAW-TT10/ vavGEFmt cells were selected and maintained in medium containing both Zeocin (300 to 1,000 g/ml) and tetracycline (1 to 5 g/ml). Under the experimental conditions, RAW-TT10 subclones expressing the mutant forms of vav1 were grown in no tetracycline or in a range of concentrations of tetracycline (from 500 pg/ml to 5 g/ml) for 48 to 72 h prior to stimulation with LPS (with or without rIFN-␥). Experiments were performed in six-well (Becton Dickinson, Lincoln Park, N.J.) or 100-mm (Corning, Corning, N.Y.) tissue culture dishes. Cells were grown to 60 to 70% confluence prior to stimulation. Cells were stimulated with either rIFN-␥ alone or in combination with a range of concentrations of LPS (1 ng/ml to 1 g/ml). Following stimulation, cells were incubated for approximately 18 h before cell lysates were prepared. For the transient-transfection assays, cells were incubated for 24 h after stimulation before lysates were prepared to assess luciferase activity.
Immunoblotting. Cells were lysed in extraction buffer (20 mM Tris, 100 mM NaCl, 1% Triton X-100, 50 g of NaF/ml, 1 mM Na 3 VO 4, 0.2 mM phenylmethylsulfonyl fluoride, 10 g of aprotinin/ml, 10 g of leupeptin/ml). For immunoblotting, protein concentrations were first determined for each sample using a standard Bio-Rad Bradford protein assay. Lysate samples containing 100 g of protein were electrophoresed on sodium dodecyl sulfate-7.5% polyacrylamide gels, transferred to nitrocellulose membranes, and reacted with either a murine monoclonal antibody specific for macrophage iNOS (Transduction Laboratories, Lexington, Ky.), a murine monoclonal antibody directed at the c-myc epitope tag (Santa Cruz Biotechnology, Santa Cruz, Calif.), or a murine monoclonal antibody specific for vav1 (Upstate Biotechnology, Lake Placid, N.Y.). Blots were then reacted with a species-appropriate IgG peroxidase-linked conjugate secondary antibody (Amersham, Arlington Heights, Ill.), and proteins were detected by enhanced chemiluminescence (Amersham ECL).
Plasmid preparation. The NF-IL-6-like sequence (1ϫ ϭ TTG TTG TGA AAT CAG) was multimerized previously (25) . This cassette (BamHI-KpnI digest) was placed in sense orientation in front of a minimal simian virus 40 (SV40) promoter (pGL3Luc; Promega, Madison, Wis.). The previously described trimerized mutant NF-IL-6 sequence (25) was also placed in the sense orientation (BamHI-KpnI digest) in front of the same minimal SV40 promoter.
Cell transient transfection. Transient transfection of the individual cell lines was performed by electroporation with a Bio-Rad Gene Pulser (Hercules, Calif.). Twenty micrograms of test plasmid DNA in conjunction with the cytomegalovirus-Renilla luciferase plasmid (CMV-RL; Promega) was mixed with 5 ϫ 10 6 cells in Dulbecco's phosphate-buffered saline (Sigma) and transferred to a 0.4-cm electrode gap cuvette. Following a single 250-V, 975-F pulse, cells were pelleted and then transferred into a well of a six-well plate.
Luciferase assay. Cell lysates were prepared as described in the Promega DLR luciferase assay kit. The luciferase activity was measured using a TD 20/20 luminometer (Turner Designs, Sunnyvale, Calif. 
RESULTS
The mutant forms of vav1 were expressed in RAW-TT10/ vavC, RAW-TT10/vavYF174, and RAW-TT10/vavGEFmt cells in a tetracycline-regulatable manner. We adapted the Tet-Off expression system developed by Underhill and colleagues (53) in order to establish stable cell lines from the RAW-TT10 parental line with tetracycline-regulatable expression of each of the three vav1 constructs. Cell lines were established in the presence of tetracycline (1 to 5 g/ml) in order to prevent construct expression prior to the time of the experimental conditions.
Robust expression of all three mutant forms of vav1 was detected from cells grown in medium without tetracycline for 48 to 72 h (but not in the lysates from cells maintained in the presence of 1 to 5 g of tetracycline/ml) by immunoblotting of cell lysates with either a murine monoclonal antibody specific for vav1 ( Fig. 2A and C) or one specific for the c-myc epitope tag (Fig. 2B) . The truncated form of vav1 (vavC) was most easily detected as a protein of approximately 37 kDa by using a murine monoclonal antibody specific for vav1 ( Fig. 2A and  C) , while the two full-length forms of vav1 (vavYF174 and vavGEFmt) were most easily detected by immunoblotting with a murine monoclonal antibody specific for the c-myc epitope tag (Fig. 2B) .
Expression of the vav1 constructs was both time and tetracycline concentration dependent. In preliminary experiments, we found that expression of each of the vav1 constructs could be detected within 24 h after removal of the cells from tetracycline and that expression was maximal by 48 to 72 h (data not shown). In the representative experiment depicted in Fig. 2C , RAW-TT10/vavC cells were cultured in decreasing concentrations of tetracycline (from 1 g/ml in lane 1 to 10 pg/ml in lane 5) or in no tetracycline (lane 6) for 72 h prior to analysis. Expression of the truncated vavC construct was detectable in cells cultured in concentrations of tetracycline of 10 ng/ml or less and was maximal in cells exposed to tetracycline concentrations of 10 pg/ml or less. Furthermore, expression of the each of the three vav1 constructs was reversible-addition of tetracycline to cells maintained out of the antibiotic for 72 h led to dramatic declines in construct expression within 24 h, and construct expression was undetectable by 48 to 72 h after reexposure to tetracycline (data not shown).
Tetracycline-regulatable expression of the three mutant forms of vav1 in macrophages inhibited LPS-mediated upregulation of iNOS protein accumulation. Tetracycline at the range of concentrations tested (10 pg/ml to 5 g/ml) had no effect on iNOS protein accumulation in response to LPS with or without rIFN-␥ in either RAW 264.7 macrophages or RAW-TT10 cells (data not shown). One of the vav1 constructs that we used (vavC) had been shown previously to act as a dominant interfering mutant for vav1 function in T lymphocytes, interfering with NF-AT (nuclear factor of activated T cells) activation after T-cell receptor engagement in Jurkat cells (57) . Surprisingly, expression of the two other mutant forms of the protein (vavYF174 and vavGEFmt, both lacking GEF activity) not only failed to inhibit NF-AT activation in Jurkat cells but also actually augmented NF-AT activation in a manner comparable to that of wild-type vav1 (35) , indicating that the role of vav1 in T-cell activation did not require its GEF activity.
In contrast, we found that RAW-TT10 macrophages expressing each of the three mutant forms of vav1 consistently accumulated less iNOS protein when cultured in the absence of tetracycline for 48 to 72 h prior to stimulation with LPS and rIFN-␥ (Fig. 3A , representative experiments with RAW-TT10/ vavYF174 cells [n ϭ 6] and RAW-TT10/vavGEFmt cells (n ϭ 6); B, RAW-TT10/vavC cells [n ϭ 8]). In addition, culture of RAW-TT10/vavC cells in tetracycline concentrations of 10 ng/ml or less for 48 to 72 h prior to stimulation consistently led to both increases in vavC construct expression and diminished accumulation of iNOS protein (Fig. 3B , representative experiment depicted is same as that shown in part in 2C; n ϭ 8). Thus, tetracycline-regulated increases in the expression of three different dominant interfering mutant forms of vav1 con-
FIG. 2. Tetracycline-regulatable expression of vavC, vavYF174, and vavGEFmt in RAW-TT10 macrophages. (A)
vavC expression was tetracycline regulatable. RAW-TT10/vavC cells were incubated for 72 h in the presence or absence of tetracycline (1 g/ml). Cell lysates were prepared and subjected to polyacrylamide gel electrophoresis (PAGE) followed by immunoblotting with a murine monoclonal antibody specific for vav1. The vavC construct was detected as a protein of approximately 37 kDa in the absence, but not the presence, of tetracycline. Expression of the endogenous vav protein (95 kDa) was not affected by the presence or absence of tetracycline. (B) vavGEFmt and vavYF174 expression was tetracycline regulatable. RAW-TT10/vavGEFmt and RAW-TT10/vavYF174 cells were incubated for 72 h in the presence or absence of tetracycline (5 g/ml). Cell lysates were prepared and subjected to PAGE followed by immunoblotting with a murine monoclonal antibody which recognizes the c-myc epitope tag. (C) Regulation of vavC expression: tetracycline dose response. RAW-TT10/vavC cells were incubated for 72 h in a range of concentrations of tetracycline: 1 g/ml (lane 1), 100 ng/ml (lane 2), 10 ng/ml (lane 3), 1 ng/ml (lane 4), or 10 pg/ml (lane 5) or in no tetracycline (lane 6). Cell lysates were prepared and subjected to PAGE followed by immunoblotting with a murine monoclonal antibody specific for vav1. The truncated vavC construct was detected as a protein of approximately 37 kDa. Expression of the endogenous vav1 protein (95 kDa) was not affected by the presence or absence of tetracycline (not shown).
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on October 16, 2017 by guest http://cvi.asm.org/ sistently inhibited the upregulation of iNOS production in RAW-TT10 macrophages stimulated with LPS and rIFN-␥. Tetracycline-regulatable expression of the three mutant forms of vav1 in macrophages blocked LPS-mediated upregulation of NF-IL-6 activity. We compared the upregulation of activity of an NF-IL-6 reporter construct in RAW-TT10/vavC, RAW-TT10/vavYF174, and RAW-TT10/vavGEFmt cells maintained in either the presence or absence of 1 to 5 g of tetracycline/ml for 48 to 72 h prior to LPS stimulation. Under the experimental conditions, a reporter construct containing trimerized NF-IL-6 recognition sequences upstream of an SV40 minimal promoter and expressing firefly luciferase was used. This construct was introduced into RAW-TT10 cells expressing mutant forms of vav1 by transient transfection. After stimulation with medium or a range of concentrations of LPS with or without rIFN-␥, NF-IL-6 activity was determined by measuring luciferase activity in cell lysates using a standard dual luciferase assay. The increased expression of all three mutant forms of vav1 (vavC, vavYF174, and vavGEFmt) resulted in dramatic inhibition of LPS-mediated increases of NF-IL-6 activity (Fig. 4 , n ϭ 6 for vavYF174 and vavGEFmt and n ϭ 4 for vavC). The mean percent inhibition of luciferase activity of the NF-IL-6 plasmid with expression of vavC, vavYF174, and vavGEFmt was 86, 82, and 79%, respectively. Expression of each of the three dominant interfering vav1 constructs also led to diminished basal NF-IL-6 activity in unstimulated cells.
DISCUSSION
Tyrosine phosphorylation pathways play important roles in macrophage responses to bacterial LPS (40, 56) , but little is known about the substrates of the tyrosine kinases activated in response to stimulation by LPS and other bacterial products. Our investigators have previously reported that the 95-kDa proto-oncogene vav1 is rapidly phosphorylated on tyrosine in murine macrophages stimulated with LPS (21) . vav1 functions in part as a GEF for small GTPases of the rho family, including rac1, rhoA, and cdc42. The tyrosine phosphorylation of vav1 at position 174 is required for its GEF activity. Interestingly, the GEF activity of vav1 is reportedly required for some (15) but not all (35) of its biological activities in lymphocytes.
vav1 has been reported to play a key role in the T-cell activation via the upregulation of NF-AT activity in these cells.
FIG. 3. Expression of three dominant interfering vav1 constructs (vavC, vavYF174
, and vavGEFmt) in RAW-TT10 macrophages inhibited iNOS protein accumulation in response to challenge with LPS and rIFN-␥. (A) RAWTT10/vavYF174 and RAWTT10/vavGEFmt cells were incubated for 72 h in the presence or absence of tetracycline (5 g/ml) and then stimulated for 18 h with LPS (10 ng/ml) and rIFN-␥ (10 U/ml). Cell lysates were prepared, subjected to polyacrylamide gel electrophoresis (PAGE), and analyzed by immunoblotting with a murine monoclonal antibody specific for iNOS. (B) RAW-TT10/vavC cells were incubated for 72 h in a range of concentrations of tetracycline or no tetracycline (same experiment as depicted in Fig. 2C) ; tetracycline concentrations were 1 g/ml (lane 1), 100 ng/ml (lane 2), 10 ng/ml (lane 3), 1 ng/ml (lane 4), 10 pg/ml (lane 5), and none (lane 6). Cells were then stimulated for 18 h with LPS (10 ng/ml) and rIFN-␥ (10 U/ml). Cell lysates were prepared, subjected to PAGE, and analyzed by immunoblotting with a murine monoclonal antibody specific for iNOS.
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Expression of a truncated mutant form of vav1 interfered with NF-AT activation in Jurkat cells, while expression of wild-type vav1 augmented NF-AT activation (57) . However, the effect of vav1 on NF-AT activation in Jurkat cells does not appear to require its GEF activity, as the expression of two vav1 constructs lacking GEF activity (a YF point mutant at position 174 and a mutant containing a deletion within the GEF domain) actually potentiated NF-AT activation in a manner comparable to that of wild-type protein (35) . In contrast to the studies in Jurkat cells, we found that expression of all three mutant forms of vav1 (vavC, vavYF174, and vavGEFmt) in RAW-TT10 macrophages led to diminished accumulation of iNOS protein in response to stimulation with LPS and rIFN-␥. Furthermore, expression of each of the constructs encoding mutant forms of vav1 led to reduced NF-IL-6 activity in response to LPS challenge. Together, these data suggest that the proto-oncogene vav1 plays a critical role in LPS-mediated macrophage activation and iNOS upregulation and that the GEF activity of vav1 is required for its role in macrophage (but not T-cell) activation. Our group has also recently observed that expression of each of these three vav1 mutants inhibited TNF secretion and iNOS protein accumulation in RAW-TT10 macrophages stimulated with bacterial (CpG) DNA (48) .
Several groups have shown that NF-IL-6 (a heterodimer of C/EBP␤ and C/EBP␦) plays an important role in the regulation of transcription of iNOS (18, 27) , IL-6 (6, 7), and IL-1␤ (25, 26) . As expected, we found that LPS potently upregulated NF-IL-6 activity in RAW 264.7 cells (data not shown), RAW-TT10 cells (data not shown), and all three RAW-TT10/vav1 cell lines (Fig. 4) . In each of the three cell lines expressing mutant forms of vav1 (vavC, vavYF174, and vavGEFmt) in the absence of tetracycline, construct expression resulted in dramatic inhibition of LPS-mediated increases of NF-IL-6 activity (Fig. 4) . LPS inducibility of NF-IL-6 activity was not completely eliminated by the expression of the vav1 dominant interfering mutants, suggesting that vav1-independent pathways may also play a role in the upregulation of NF-IL-6 activity in response to LPS. Taken together, these findings suggest that vav1 upregulates iNOS transcription in macrophages at least in part via an increase in NF-IL-6 activity.
The mechanism(s) by which vav1 leads to NF-IL-6 activation in macrophages is not known. In T cells, vav1 serves as a GEF for rac1 (1, 10, 51) , and this function is necessary for some but not all activities of vav1 in these cells. vav1 has been reported to mediate T-cell activation by several different mechanisms that result in the activation of the transcription factors NF-AT (32, 33, 35, 50) and AP-1 (33) . Activation of NF-AT does not require the GEF activity of vav1 (35) , while activation of AP-1 appears to require this activity in a rac1/jnk/c-jun pathway (33) . vav1 also activates phospholipase C-␥1 via both phosphatidylinositol 3-kinase-dependent and -independent pathways in T cells (45) . In addition to these effects, vav1 also may directly affect gene transcription by serving as a component of transcriptionally active complexes (NF-AT and NF-B-like complexes) in T cells (32) .
Our data suggest that the upregulation of NF-IL-6 activity and iNOS production by vav1 in macrophages is at least partly due to its GEF activity. We and others have implicated erk, p38, and jnk mitogen-activated protein kinase pathways in macrophage activation by LPS (5, 36, 40, 49, 55) and other bacterial products (38) , and the activation of rac1 by vav1 leads to the activation of jnk and/or p38 kinases in T cells and other hematopoietic cells (15) . Baldassare et al. (9) reported that pharmacologic inhibition of the p38 pathway markedly inhib- FIG. 4 . Expression of three dominant interfering vav1 constructs (vavC, vavYF174, and vavGEFmt) in RAW-TT10 macrophages blocked LPS-mediated upregulation of NF-IL-6 activity. (A) RAW-TT10/vavC cells were incubated for 72 h in the presence or absence of tetracycline (5 g/ml) prior to transient transfection by electroporation with the NF-IL-6 luciferase reporter construct, mock transfection (no DNA), or transfection with the CMV-RL control plasmid, as indicated. After transfection, cells were stimulated with LPS (1 g/ml) for 24 h prior to preparation of cell lysates and analysis of firefly luciferase activity (see Materials and Methods). This is a representative experiment (n ϭ 4). (B) RAWTT10/vavYF174 and RAWTT10/vavGEFmt cells were incubated for 72 h in the presence or absence of tetracycline (5 g/ml) prior to transient transfection by electroporation with the NF-IL-6 luciferase reporter construct, mock transfection (no DNA), or transfection with the CMV-RL control plasmid, as indicated. After transfection, cells were stimulated with LPS (1 g/ml) for 24 h prior to preparation of cell lysates and analysis of firefly luciferase activity. This is a representative experiment (n ϭ 6 for both cell lines). Our data provide the first direct evidence for a role for vav1 in macrophage activation and iNOS upregulation in response to LPS. Recent work has clearly demonstrated that toll-like receptor (TLR) pathways are key sensors for bacterial products such as LPS, and macrophage responses to LPS require TLR4 (3, 19, 43, 44) . Further studies are needed to delineate the mechanism(s) by which vav1 leads to the upregulation of NF-IL-6 activity and iNOS transcription in macrophages stimulated with LPS. In addition, the relationship between the vav1 pathway and other macrophage signaling pathways, including those mediated by TLRs and those triggered by phagocytic receptors, needs to be further defined. The RAW-TT10 macrophage tetracycline-regulatable gene expression system should provide a powerful tool for these studies.
